Several dedicated surveys focusing on early-type galaxies (ETGs) reveal that significant fractions of them are detectable in all interstellar medium phases studied to date. We select ETGs from the Herschel Reference Survey that have both far-infrared Herschel and either Hi or CO detection (or both). We derive their star formation rates (SFR), stellar masses and dust masses via modelling their spectral-energy distributions. We combine these with literature information on their atomic and molecular gas properties, in order to relate their star formation, total gas mass and dust mass on global scales. The ETGs deviate from the dust mass-SFR relation and the SchmidtKennicutt relation that SDSS star forming galaxies define: compared to SDSS galaxies, ETGs have more dust at the same SFR, or less SFR at the same dust mass. When placing them in the M -SFR plane, ETGs show a much lower specific SFR as compared to normal star-forming galaxies. ETGs show a large scatter compared to the Schmidt-Kennicutt relation found locally within our Galaxy, extending to lower SFRs and gas mass surface densities. Using an ETG's SFR and the Schmidt-Kennicutt law to predict its gas mass leads to an underestimate. ETGs have similar observed-gas-tomodelled-dust mass ratios to star forming-galaxies of the same stellar mass, as well as they exhibit a similar scatter.
INTRODUCTION
Cosmological simulations predict a two-phase galaxy formation scenario: an early epoch where stars formed within the galaxy, and a later epoch where merging and satellite accretion become important in building the mass of the parent galaxy, often forming an early-type galaxy (ETG; e.g., Oser et al. 2010; Johansson et al. 2012; Lackner et al. 2012) . Thomas et al. (2010) analyze a large sample of ETGs with SDSS and find the early epoch of star formation to be governed by internal processes, while later phases of star formation activity are influenced by the environment, supporting the two-phase galaxy formation scenario. Additional evidence for a two-phase galaxy formation process comes from observations of globular clusters and metallicity gradients in ETGs (e.g., Forbes et al. 2011; Pastorello et al. 2014) . The occurrence of gravitational interactions and satellite accretion have thus changed the long-standing picture of ETGs being simple stellar systems, passively evolving and devoid of interstellar medium (ISM) with only traces of dust and E-mail: sofia.lianou@cea.fr gas. The importance of minor merging and satellite accretion in driving a significant amount of star formation activity in massive galaxies has been established in Kaviraj (2014a,b) . The star formation and satellite accretion histories in ETGs lead to complex ISM histories.
Multiwavelength observational studies have unveiled these complex ISM histories in ETGs, with the detection of significant amounts of gas and/or dust. The detection of dust (e.g., Xilouris et al. 2004; Gomez et al. 2010; Smith et al. 2012; Rowlands et al. 2012; Werner et al. 2014) , and gas (e.g., Annibali et al. 2010; Young et al. 2011; Davis et al. 2011; Serra et al. 2012; Kulkarni et al. 2014) , as well as several stellar tidal features (e.g., Kim et al. 2012; Kaviraj et al. 2012) , lend credence to both an external and an internal origin of the ISM in ETGs. Internal sources are primarily the evolved mass-losing stars that dominate the stellar populations of ETGs polluting the ISM with enriched gas raising their dust abundance (Hirashita et al. 2015; Bressan et al. 2006) . External sources are material accreted through gravitational interactions (e.g., Kaviraj et al. 2013; Kaneda et al. 2010) , leading to a contribution of stars, gas and dust to the parent galaxy, probably driving star formation in these systems as studied in Kaviraj et al. (2011) . An interplay between an internal origin of the dust found in ETGs from evolved mass-losing stars that formed during an external event, i.e. a past gravitational interaction event, has been suggested for NGC 4125 (Wilson et al. 2013) .
NGC 5128 is the most prominent nearby example of an ETG with a rich ISM (e.g., Parkin et al. 2012) . What is prominent in NGC 5128 is the gaseous dusty disk, which has been associated with the remnant of an accreted gas-rich galaxy. Moreover, star formation is ongoing in NGC 5128 in the form of Hii regions (Moellenhoff 1981) . Going beyond NGC 5128, recent or current star formation activity has been detected directly in nearby ETGs with Hubble Space Telescope and GALEX observations (e.g., Ford & Bregman 2013; Yi et al. 2005) , as well as in the form of Hii regions (Bresolin 2013) , while Spitzer IRS (Houck et al. 2004 ) spectroscopy has unveiled PAH emission in the dustier ETGs (e.g., Panuzzo et al. 2011; Kaneda et al. 2010 Kaneda et al. , 2007 . The ongoing star formation activity clearly observed in many ETGs together with the richness of the ISM compel us to investigate their relation.
An important physical parameter to constrain chemical evolution models of galaxies is the gas-to-dust (G/D) mass ratio (Galliano et al. 2008) , which shows the amount of metals locked up in dust. Even though several phases of the ISM of ETGs have been detected, their G/D mass ratio is still an uncertain physical parameter (Wilson et al. 2013 ). Yet, while the bulk of the stars in ETGs were formed in the early Universe, their assembly continues throughout cosmic time (Renzini 2006) , and understanding how their gas and dust relate provides an important constraint to their evolution. With the availability of Herschel observations necessary to constrain the cold dust properties, complemented with surveys focusing on other ISM tracers, this paper aims at exploring the relation among dust, gas and star formation activity in ETGs.
SAMPLE & ANALYSIS
The present galaxy sample is drawn from the Herschel Reference Survey (HRS; Boselli et al. 2010) . This is a volumelimited and KS-band flux-limited survey of 323 galaxies in the local universe observed initially with the Herschel Space Observatory with all three SPIRE (Griffin et al. 2010) bands. The SPIRE photometry for the whole HRS galaxy sample is presented by Ciesla et al. (2012) and the PACS observations of the HRS were followed up by Cortese et al. (2014) . The sample includes galaxies of all morphological types that lie within a distance between 15 Mpc to 25 Mpc, and have a 2MASS KS-band total magnitude of less than or equal to 12 mag for the late-type galaxies and 8.7 mag for the ETGs. The selection criteria have been optimized to study the ISM content of more quiescent galaxies that have a lower limit in the dust mass of ∼10 4 M (Boselli et al. 2010). Many additional observations across the electromagnetic spectrum complement the HRS galaxy sample. For example Hα imaging is presented by Boselli et al. (2015) , and SDSS and GALEX imaging by Cortese et al. (2012b) . Moreover, HRS galaxies observed in atomic hydrogen and in CO emission have been homogenized and presented by Boselli et al. (2014a). Thus, the HRS galaxy sample is unique and complete in terms of wavelength coverage, making it well-suited to understand the ISM properties of local galaxies. Boselli et al. (2014b,c) study the molecular and total gas scaling relations, as well as the effect of the environment on the HRS data set. The present study focuses on the ETG-sample in the HRS with a cold dust component present. There is a total of 62 ETGs in the HRS, first studied by Smith et al. (2012) . From these, we select those ETGs that have, first, a Herschel detection in all three SPIRE bands and, second, either an Hi detection or a CO detection or both. The SPIRE detection in all three bands is required to examine the cold dust component and derive accurate dust masses. There are 18 ETGs detected in the far-infrared (FIR)/sub-millimeter (submm) with all three SPIRE bands, which also have Hi or CO: 14 ETGs have Hi detection, and 6 ETGs are detected in CO, of which 2 have both Hi and CO detection. These galaxies are listed in Table 1 , along with their global properties.
We use all available imaging for these 18 ETGs in order to construct their global multiwavelength spectral energy distributions (SEDs). Ciesla et al. (2014) apply the model of Draine & Li (2007) to the IR SEDs (from 8µm to 500µm) of HRS galaxies, focusing on the sub-sample of gas-rich late-type galaxies. Cortese et al. (2012a) also study the dust properties of HRS galaxies and derive dust masses from only three SPIRE bands and employing empirical relations. Smith et al. (2012) analyze the dust properties of the 62 ETGs in the HRS using single-temperature modified blackbody fits to their dust SED. Smith et al. (2012) use a wavelength coverage ranging from 60µm to 500µm, using images for their sample wherever available from IRAS (60 and 100µm), ISO (60-200µm; Temi et al. 2004 ), Spitzer 70-160µm; Bendo et al. 2012) , PACS (100 and 160µm; Herschel Virgo Cluster Survey Davies et al. 2010), and SPIRE (250-500µm; Ciesla et al. 2012) . In our study, we model the full SEDs using two SED models and the same apertures across all wavelengths, in order to derive the star formation and dust properties of the 18 ETGs. Modelling the panchromatic SED using the same extraction aperture throughout the spectrum can provide a consistent constraint to interpret the physical properties of a galaxy (Walcher et al. 2011) .
The available data set to construct the SED covers from the ultraviolet (UV) to the FIR/submm regime, and consists of imaging in the GALEX (Gil de Paz et al. 2007 ), SDSS (York et al. 2000) , 2MASS (Skrutskie et al. 2006) , WISE (Wright et al. 2010) , Spitzer IRAC (Fazio et al. 2004) and MIPS (Rieke et al. 2004) , and Herschel PACS (Poglitsch et al. 2010) and SPIRE (Griffin et al. 2010) We process all the available multiwavelength imaging using IMAGECUBE (Lianou et al. 2013 ) and performing image registration, convolution to the same point spread function (PSF), and regridding to a common pixel size. In brief, the available imaging is initially converted to a common unit (Jy/pixel) and registered to the same world coordinate system. Then, we background subtract all images and correct the UV-to-MIR imaging for Galactic foreground extinction:
where Fi is the flux density corrected for foreground extinction, F obs is the observed flux density, and A λ is the extinction at the wavelength λ, estimated using the extinction law by Fitzpatrick (1999) improved by Indebetouw et al. (2005) in the infrared. In the case of the GALEX photometry, we correct for the Galactic foreground extinction using the selective extinction AF U V /E(B-V)=8.29 and ANUV /E(B-V)=8.18 (Seibert et al. 2005) . Subsequently, we convolve all imaging to a common PSF, that of SPIRE 500µm, using Gaussian kernels with appropriate full width at half-maximum (FWHM) to match that of SPIRE 500µm (43 ; Table 6, column 7 in Aniano et al. 2011) . Finally, we re-sample the images to the same pixel size of 15 . The uncertainties are estimated from the convolved images, in the same way as described by Aniano et al. (2012 , see also Lianou et al. 2014 where we recently applied this technique). No colour corrections are applied to the WISE, Spitzer, and Herschel images (or any other imaging data set used here), as these are inserted as an additional source of uncertainty. In estimating the photometric uncertainties, we also take into account the calibration uncertainties listed in Table 2 . We add all uncertainty components (calibration, background variation, colour correction) in quadrature. The processed imaging is used to construct the global observed SEDs of the sample ETGs, from which the star formation and dust emission properties are derived via SED modelling. We perform photometry in apertures larger than the common PSF used (a FWHM of 43 for the SPIRE 500 PSF; Aniano et al. 2011) , in order to derive statistically independent properties. We consistently apply the same aperture to all available imaging, in order to extract the flux densities used to model the ETGs SEDs. The apertures used are listed in Table 3 . Fig. 1 compares the SPIRE flux densities obtained from our image processing with that listed by Ciesla et al. (2012) ; the latter authors have used the beam areas listed in their Table 1 . Hence, for the comparison shown in Fig. 1 , we use the same beam areas as the ones used by Ciesla et al. (2012) , while anywhere else in this text we use beam areas 465 arcsec 2 , 823 arcsec 2 , and 1769 arcsec 2 for SPIRE 250µm, 350µm and 500µm, respectively 2 . For the sake of this comparison, we also use the same photometry apertures as those used by Ciesla et al. (2012) , with the exception of HRS 93, HRS 123, HRS 162, HRS 200, HRS 209, HRS 243, HRS 260, HRS 286 for which the multiwavelength coverage yields smaller field-of-view, as well as HRS 161 and HRS 174 which Ciesla et al. (2012) classify as point sources; we have adjusted our apertures to take this into account, and the apertures used are those listed in Table 3 . Fig. 1 shows that Table 3 . Semimajor and semiminor axes, and position angles used to extract photometry in this work, denoted with a, b, and PA, respectively, and in Ciesla et al. (2012) , denoted with a C12 , b C12 , and PA C12 , respectively. Note.-The semimajor and semiminor axes are in units of arcsec, while the position angle in degrees. The minus sign corresponds to position angles measured counter-clockwise from the North. Figure 1. Flux densities from our image processing compared to those of Ciesla et al. (2012) . The x-axis shows our flux density, while the y-axis shows the difference between Ciesla's flux density and ours over our flux densities. Blue asterisks correspond to SPIRE 250 flux densities, green diamonds to SPIRE 350 flux densities, and red squares to SPIRE 500 flux densities.
the fluxes agree within a mean value of 4%, 7%, and 13%, for the SPIRE 250µm, SPIRE 350µm, and SPIRE 500µm, respectively, while the standard deviation is 15%, 18%, and 25%, respectively for each band. The larger standard deviation is contributed by the galaxies which have different apertures than those used by Ciesla et al. (2012) . The choice of apertures takes into account the dust emission seen at the SPIRE bands, while in the same time consistently using the same elliptical apertures throughout the whole bands available, which drives our final choice of apertures independently of what is presented by Ciesla et al. (2012) . The molecular hydrogen masses for the sample are adopted from Boselli et al. (2014a) and listed in their Table 1. These authors collect and homogenize for the whole HRS sample all available observations in CO emission, which are adapted either from the literature or from their own observations. To convert the CO emission to molecular hydrogen masses, a conversion factor XCO is applied. Boselli et al. (2014a) use both a constant XCO and a luminositydependent XCO, the latter adapted from Boselli et al. (2002) . Here, we choose to show results based on the luminositydependent XCO; using a constant XCO yields similar trends. A luminosity-dependent XCO is preferred due to the dependence of the XCO on metallicity (Wilson 1995; Boselli et al. 2002) , and taking into account the relation between luminosity and metallicity. As most CO surveys target the central part of a galaxy, while CO emission may be found extended beyond this 3 , Boselli et al. (2014a) have applied a correction for such aperture effects. More specifically, they have assumed a three-dimensional distribution for the CO emission, as has been done in the case of the dust distribution in the z-direction in edge-on galaxies in radiative transfer modelling (e.g., Xilouris et al. 1999; de Looze et al. 2012) .
Finally, Boselli et al. (2014a) compile from the literature the atomic hydrogen masses for the HRS sample with available measurements, and we use their values here. For those galaxies which are undetected in CO, the M H i dominates over their MH 2 , as indicated by the latter's upper limits; hence, when we compute the total gas mass, we include those MH 2 upper limits. We compute the total gas mass, Mgas, for each galaxy taking into account the atomic gas mass, M H i , and the molecular gas mass, MH 2 :
The adopted atomic and molecular hydrogen masses are listed in Table 1 . To obtain the surface densities of the gas mass, dust mass and star formation rate, we divide these quantities by each galaxy's projected area within the adopted flux extraction aperture. The surface density of a physical property is preferred over its integrated value so as to remove any dependence on galaxy size.
SED MODELLING
We derive the star formation and dust emission properties of our ETGs sample via modelling of their SEDs using two models: PCIGALE (v0.9.0) 4 (the python implementation of C IGALE; Roehlly et al. 2014; Noll et al. 2009; Burgarella et al. 2005 ) and MAGPHYS 5 (da Cunha et al. 2008) . Both these SED models use the energy balance between the absorption by dust and the re-radiation in the IR to fit the multiwavelength SEDs, from UV to FIR/submm part of the spectrum. The basic components of MAGPHYS are described by da Cunha et al. (2008) , while PCIGALE is described by Boquien et al. (2012 , see Noll et al. 2009 for C IGALE). One important aspect with modelling the SED with PCIGALE is the inclusion of an active galactic nucleus (AGN) component in the SED, while this implementation is currently lacking in MAGPHYS .
MAGPHYS uses the stellar population synthesis of Bruzual & Charlot (2003) to model the star formation histories, assuming both a continuous star formation rate and additional star formation bursts. The attenuation law of Charlot & Fall (2000) describes the attenuation of the stellar emission by dust in the diffuse ISM and in the stellar birth clouds. No contribution from an AGN to the heating of the ISM is assumed. No detailed modelling of the physical properties of the dust grains is performed in MAGPHYS . While in MAGPHYS pre-computed libraries of SED models already exist, in PCIGALE the user builds the library of the SED models based on input parameters; for a detailed description on input parameters we refer to Boquien et al. (2012 Boquien et al. ( , 2013 .
The assumptions entering the modelling with PCIGALE are as follows. A double exponentially declining star formation history (SFH), with the functional form as in eq. 3 in Ciesla et al. (2015) , i.e. SF R(t) = exp(−t/τ1), if t < t1 − t2, and SF R(t) = exp(−t/τ1) + k exp(−t/τ2), if t ≥ t1 − t2, using the stellar population synthesis models of Bruzual & Charlot (2003) . The optical emission is attenuated in the IR following a modified Calzetti et al. (2000) curve, including a UV bump to take into account emission from younger stars as in Charlot & Fall (2000) (Boquien et al. 2016) . The dust emission is modelled with the Draine & Li (2007) model. An AGN component is assumed for a type-I and a type-II AGN, adopting the model of Fritz et al. (2006) which assumes a smooth distribution for the dust around the AGN. Another class of AGN models assumes a clumpy dust distribution, and these two assumptions on the dust distribution can describe several features in the SED of an AGN; a comparison between the two most popular AGN models is given in Feltre et al. (2012, comparing the models of Fritz et al. 2006 and Nenkova et al. 2008) .
We list in Table 4 the non-default input parameters we have adjusted while running PCIGALE . The Bruzual & Charlot (2003) population synthesis model and the Chabrier (2003) initial mass function are chosen in PCIGALE so as to be common with MAGPHYS . Fig. 2 shows an example of a best-fit model SED to an ETG of our sample derived with PCIGALE and MAGPHYS . An important aspect in both SED models is the adoption of a Bayesian approach where probability density functions are constructed for the physical parameters of interest; the median likelihood is adopted in MAGPHYS and the mean value in PCIGALE as the physical parameter value. The 16 th -84 th percentile range is then used to reflect the associated confidence interval in MAGPHYS (da Cunha et al. 2008) , and the standard deviation in PCIGALE (Noll et al. 2009 ). We adopt in this study the Bayesian approach built in the SED models, rather than the physical parameters inherent to the best-fit SED model. We consider the parameters of the mass of the dust (MD), the star formation rate (SFR) averaged over the last 10 8 yr, and the stellar mass (M ). We adopt the following naming convention throughout the remaining text: we use a subscript "P" to denote results derived with PCIGALE , while a subscript "M" is used to denote results with MAGPHYS . As the SED model libraries in either MAGPHYS or PCI-GALE are built based on different assumptions for the input parameters, e.g. SFH or dust model assumption or attenuation law, the derived properties with the two modelling techniques are not directly comparable. Each of the two SED models defines a unique "scale" for the derived properties. The use of "property scale" is the same in concept as that of metallicity scale: the value of the metallicity (or property) is tied to the method used to derive it; for example, the Zinn & West (1984) or the Carretta & Gratton (1997) metallicity scale for stellar metallicities derived using the Ca ii triplet, as well as the Pilyugin & Thuan (2005) metallicity scale for gas-phase metallicities.
Hence, any comparison of the derived properties be- tween the two SED models performed in this study is only illustrative and has the purpose of understanding the intrinsic difference between the two scales, rather than to derive a calibration between them. The reason for this is that a calibration between the two SED model scales is not unique, as it depends on the input parameters chosen to build each SED library used in the fitting process. Hence, deriving a calibration requires a complete search of the available parameter space of the input parameters in the SED models; this goes beyond the scope of this paper. The same reasoning holds for the comparison of the derived properties between each of the two SED models and those assuming a modified blackbody. Fig. 3 illustrates the difference in MD derived here, grey squares for MAGPHYS and blue circles for PCIGALE , with that derived by Smith et al. (2012) using modified blackbody fits to the IR/submm SED (60-to-500 µm), denoted as MD,S12 and shown in the upper panel. The lower panel shows the relative residuals of the comparison. Smith et al. (2012) use the SPIRE photometry from Ciesla et al. (2012) with beam areas as listed in Table 1 of the latter. Hence, for the comparison between Smith's and our dust masses (both with MAGPHYS and PCIGALE ) we have used the same apertures to extract fluxes, as well as the same beam areas as by Ciesla et al. (2012) (see also explanation for Fig. 1 in previous section) . In this comparison shown in Fig. 3 , the mean dust mass from Smith et al. (2012) is log10(MD,S12)=6.5±0.5, while the mean dust mass with MAGPHYS is log10(MD,M )=6.0±0.6 and with PCIGALE is log10(MD,P )=6.3±0.5. The mean relative residual of the comparison shown in the lower panel of Fig. 3 is 51%, with a standard deviation of 28% for MAGPHYS , while in the case of PCIGALE the mean relative residual is 18% with a standard deviation of 38%. Fig. 3 shows a systematic tendency of dust masses derived with MAGPHYS to be underestimated as compared to dust masses derived with modified blackbody fits; this seems to be random in the case of PCIGALE . Appleton et al. (2014) study the star formation and dust properties in NGC 3226; they find that dust masses derived with MAGPHYS are underestimated by 30% as compared to dust masses derived with modified blackbody fits. Their dust mass estimate with MAGPHYS on NGC 3226 (HRS 3), equal to 6.09 in logarithmic space, is consistent with our finding of 5.8±0.1 in logarithmic space, considering that we probe a slightly different area. Fig. 4 illustrates the difference in the derived properties between PCIGALE and MAGPHYS : MD (in M ) shown with grey circles, SFR (in M yr −1 ) shown with red squares, M (in M ) shown with blue diamonds. Note that this comparison is performed on beam areas and apertures used in this paper (see Table 3 ). The dust masses derived with MAG-PHYS are underestimated as compared to those derived with PCIGALE , by a factor of 4±6 on average. The comparison of the SFRs derived with the two models shows a large scatter with a variation of the MAGPHYS SFR between 0.02 to 120 times that of PCIGALE . The stellar masses derived with MAGPHYS are underestimated as compared to those derived with PCIGALE by a factor of 4.4±8.6 on average. Overall, as stated earlier, the two SED models can be regarded each as defining a separate scale for each physical parameter, with model SED libraries built based on different assumptions, hence they are expected to have differences in the derived parameters. Ciesla et al. (2015) use C IGALE on mock galaxies, in order to investigate the influence of an AGN component in modelling their SEDs; they find that including an AGN component in the SED modelling is important to constrain the derived physical properties. While PCIGALE includes an AGN component in the SED, this is not currently the case in MAGPHYS . There are two ETGs in our sample host-ing weak AGN activity (HRS 3 and HRS 93; Appleton et al. 2014; Smith et al. 2012) . Appleton et al. (2014) suggest the likely presence of a low-luminosity AGN contribution to the IR for NGC 3226, after modelling its SED using two different methods each including an AGN component; they constrain the AGN contribution to the IR luminosity to be between 20±5% to 18±4%. Table 5 by Appleton et al. (2014) suggests that the dust mass of NGC 3226 derived when using MAG-PHYS can be underestimated by a factor of 3 as compared to the dust mass derived using one of the SED modelling method that includes an AGN component.
As stated earlier, in addition to the inclusion or not of an AGN component, different modelling techniques can lead to different dust mass estimates. This is the conclusion reached in studies where detailed dust grain modelling versus modified blackbody fits are compared (Dale et al. 2012; Magdis et al. 2012) . To this end, Berta et al. (2016) discuss, as Bianchi (2013) also points out, that adopting the same mass absorption coefficient of dust (κν ) and the same dust emissivity index (β) is important in deriving consistent dust masses when comparing different dust modelling techniques. In this aspect, absolute dust masses, and direct comparison between dust mass estimates derived from different modelling techniques, are not as meaningful as is the examination of trends in scaling relations within each of the SED scales, as these are defined earlier in this section. Table 5 lists the results obtained with PCIGALE and MAGPHYS , along with their associated uncertainties, following the Bayesian approach. For these 18 ETGs, the mean and standard deviation of the derived properties are: log10(MD,M ) = 5.9±0.6 and log10(MD,P ) = 6.3±0.5, log10(M ,M ) = 10.3±0.4 and log10(M ,P ) = 10.6±0.2 (both MD and M in M ), log10(SFRM ) = −1.7±0.6 and log10(SFRP ) = −1.7±0.6 (M yr −1 ). Overall, while taking the mean value and standard deviation of each property indicates consistency between values derived based on each of the two SED models, nevertheless, the comparison shown in Fig. 4 shows large one-to-one differences among the properties, as discussed earlier.
DUST, GAS, AND STAR FORMATION
If we attribute the cold dust emission of ETGs as due to recent star formation activity, then we expect the dust mass and SFR to be tracing each other. Fig. 5 shows the dust mass as a function of the SFR, with dust masses derived with MAGPHYS shown in grey squares and with PCIGALE in blue circles. da Cunha et al. (2010) study a sample of lowredshift galaxies drawn from the SDSS DR6 main spectroscopic sample with additional GALEX, 2MASS and IRAS wavelength coverage. These authors find that the galaxies in their sample follow a tight correlation between dust mass and SFR averaged over the last 10 8 yr; they suggest this relation as a calibration to derive dust masses of galaxies given their SFRs. The relation of da Cunha et al. (2010, their eq. 9 .) is shown in Fig. 5 There may be several factors contributing to this scatter seen for the ETGs in Fig. 5 . First, the dust emission is not solely due to recent star formation, but can also be attributed to more evolved stars. Such dust emission, though, is not adequate to justify the amount of dust mass detected in these ETGs (Kulkarni et al. 2014 , and references therein). Then, the interstellar medium in these galaxies may have been externally acquired, via mergers and satellite accretion. This latter suggestion is in line with the study of Clemens et al. (2010) , who find short grain lifetimes in passive elliptical galaxies, assuming their dust mass is solely due to evolved stars. Clemens et al. (2010) suggest that in the case of FIR/submm-detected ETGs the dust mass should be externally acquired. By selection, our ETGs fall into this category. Fig. 6 places the ETGs in the SFR versus M plane. Normal star-forming galaxies are found to follow a tight correlation in this plane (Brinchmann et al. 2004; Elbaz et al. 2007; Noeske et al. 2007 , and references therein). The slope of this relation is consistent with ∼one independent of redshift, but the normalization changes such that at higher redshift the star formation is higher for a given mass (Elbaz et al. 2011 ). The solid line in Fig. 6 represents a scaled-down (by 400) version of the relation defined for local star forming galaxies studied by Elbaz et al. (2011, their figure 16, left panel) , i.e. for the scaled down relation SFR ∝ M /[400×4×10 9 M ]; the scaling-down has been performed to facilitate the presentation of the figure. The grey lines in Fig. 6 show the 0.26 dex rms scatter of the original relation presented in (Elbaz et al. 2011) . It is remarkable that this scatter in SFR remains the same across all redshift, suggesting that stellar feedback processes likely play Table 5 . Derived properties obtained with MAGPHYS, indicated with an "M" subscript, and with PCIGALE , indicated with a "P" subscript, for the ETG sample.
NGC HRS log 10 (SFR M ) log 10 (M ,M ) log 10 (M D,M ) log 10 (SFR P ) log 10 (M ,P ) log 10 (M D,P ) (1) (2) (3) (4) (5) (6) (7) a role to its constancy (Schreiber et al. 2015) . Fig. 6 shows that ETGs scatter around the scaled-down version of the relation of Elbaz et al. (2011) , i.e. ETGs fall systematically below the original relation found for local star-forming galaxies by Elbaz et al. (2011), having lower SFRs for a given mass as compared to normal star-forming galaxies. In other words, while normal star-forming galaxies in the SFR-M plane have a constant specific SFR, defined as the ratio of SFR with stellar mass, of 0.25Gyr −1 (Elbaz et al. 2011) , the ETGs in this study have specific SFRs lower by a factor of 30 to 4000 than that of normal galaxies.
da Cunha et al. (2010) investigated the dust-to-gas (D/G) mass ratio, MD/ MH , using the ratio of MD to SFR. The assumption is that the SFR can be used to infer the gas mass, using a Schmidt-Kennicutt law. We show the D/G mass ratio as a function of stellar mass in the upper panel of Fig. 7 , using the SFR from the SED modelling and the Schmidt-Kennicutt law to obtain the gas mass. We have assumed the same star formation law as that used by da Cunha et al. (2010, their eq. 10), i.e. ΣSF R = (2.5 ± 0.7) × 10 −4 Σ 1.4±0.15 H (Kennicutt 1998) , where ΣSF R is the surface density of SFR, and ΣH is the surface density of the (HI+H2) gas mass. We have applied the same factor as by da Cunha et al. (2010) to correct from a Salpeter (1955 ) to a Chabrier (2003 initial mass function. The stellar mass can also be used to infer the metallicity, given their relation (e.g., Tremonti et al. 2004) , hence the D/G mass ratio as a function of stellar mass can indirectly provide information regarding the D/G mass ratio as a function of metallicity. This may be useful given the difficulty of obtaining gasphase metallicities for a large sample of ETGs, including the current sample, while SED modelling can provide reliable information regarding stellar masses. Fig. 7 shows that there is no clear correlation between stellar mass and D/G mass ratio in the case of ETGs; there is a higher scatter among the ETGs than that observed for the star-forming galaxies in Fig. 8 of da Cunha et al. (2010) . This is the case for both results obtained with either MAGPHYS or PCIGALE . Galliano et al. (2011) , their gas masses are compiled from the literature, and their stellar masses are derived using the formula of Eskew et al. (2012) . Their sample includes galaxies from the Dwarf Galaxy Survey Rémy-Ruyer et al. 2013 ) and the KING-FISH survey (Kennicutt et al. 2011; Galametz et al. 2011 ). We derive a mean G/D mass ratio, log10(MD,M /MH ) = -1.1 ± 0.5, and log10(MD,P /MH ) = -0.8 ± 0.6, where the quoted uncertainties reflect the standard deviation. With a mean stellar mass of log10(M ,M ) = 10.3 ± 0.4 M and log10(M ,P ) = 10.6 ± 0.2 M , the ETGs fall in the lower right part of Fig. B.3 by Rémy-Ruyer et al. (2014) , below their galaxies at that location, reflecting the lower gas , versus surface density of the total gas mass,
. MAGPHYS results are shown in grey squares, while PCIGALE results in blue circles. Crosses correspond to galaxies taken from Kennicutt (1998) . reservoirs inferred from the SFR as compared to their dust masses.
The lower panel of Fig. 7 shows the observedgas-to-modelled-dust mass ratio as a function of the stellar mass. In this panel, we choose to present the G/D mass ratio for a direct comparison with Rémy-Ruyer et al. (2014, middle panels) . The mean observed G/D mass ratio is log10(MGas/MD,M ) = 2.8 ± 0.5, and log10(MGas/MD,P ) = 2.4 ± 0.6, now placing the ETGs at a location well within the galaxies studied in Fig. B.3 by Rémy-Ruyer et al. (2014) . The lower panel of Fig. 7 shows a large scatter, as well. This large scatter is consistent with the idea that the ISM in ETGs is acquired from an external source. If the ISM is acquired from a satellite, then the G/D mass ratio would indicate the properties of the ISM in the accreted satellite, showing no correlation with the properties of the ETG itself, as is the case in both panels in Fig. 7 . Even though the scatter of the G/D mass ratio as a function of M seen in Fig. 7 for the ETGs is large, nevertheless when they are placed in Fig. B.3 of Rémy-Ruyer et al. (2014) the trend of the G/D mass ratio decreasing with increasing M emerges, making the latter a useful tool to approximate the G/D mass ratio of ETGs knowing their M . On the other hand, using a Schmidt-Kennicutt law similar to that describing disk galaxies together with an estimate of SFR through SED modelling, for example, underestimates the total gas mass and the G/D mass ratio of ETGs. We now explore the Schmidt-Kennicutt law for the ETGs.
In Fig. 8 we show the surface density of the star formation rate, SF R as a function of the surface density of the total gas mass, The ETGs of our sample extend towards lower gas masses and SFRs and show a larger scatter as compared to the internal Milky Way star formation law of Misiriotis et al. (2006) , or the galaxies studied by Kennicutt (1998) shown in Fig. 8 . The majority of the ETGs have star formation efficiency per 0.1 Gyr between 1% to 0.1%, i.e. lower than that of normal galaxies. In addition, the ETGs are offset from the Schmidt-Kennicutt law, independent of the SED model used to derive SFRs. Martig et al. (2013) investigate the Schmidt-Kennicutt law via simulations of gas disks embedded in ETGs, and reach similar conclusions regarding the star formation efficiency and scatter, signifying the process of morphological quenching (Martig et al. 2009 ). The high scatter and the deviation from both the internal Milky Way star formation law and the Schmidt-Kennicutt law followed by disk galaxies indicate the complex star formation and ISM histories of the ETGs. Indeed, the majority of the galaxies studied here show many morphological signs of tidal interactions in FIR/submm imaging.
Past studies investigating the star formation law of ETGs include the work of Combes et al. (2007) , Crocker et al. (2011) , and Davis et al. (2014) . The latter authors study molecular gas-rich ETGs, and investigate their star formation law using their total gas mass and SFR tracer based on FUV+22µm. These authors find overall higher SFR surface densities for their ETGs, comparable to those of normal spiral galaxies (see their Fig. 5 ), but they lie systematically lower than a Schmidt-Kennicutt law, indicating lower star formation efficiency. Lower star formation efficiency is also found for molecular gas-rich dust-lane ETGs by Davis et al. (2015) , who suggest that the lower star formation efficiency is due to a suppression of star formation by minor mergers. They assume that the gas and dust in these dustlane ETGs comes from the accreted galaxy through minor merging, and they use the observed gas-to-dust mass ratio as a function of stellar mass to infer the stellar mass of the accreted galaxy (see Fig. 3 in Davis et al. 2015) .
For the dustier galaxies studied here, given the scatter of the cold dust-rich ETGs when placing them in the SchmidtKennicutt law, their SFR is not a good tracer of their gas mass. The SFR underestimates ETGs' gas mass in the case of a power-law index appropriate for disk galaxies, as used by da Cunha et al. (2010) and here for the upper panel of Fig. 7 . Indeed, the upper panel of Fig. 9 shows that there is no correlation between the ratio MD/SFR and the total gas mass, MGas. For a given value of the total gas mass, there is between 1 to 3 dex difference in the ratio MD/SFR. This latter ratio, as a property derived from the SED modelling, may serve as a practical proxy to infer indirectly the D/G mass ratio, as discussed earlier (by assuming that the gas mass is derived through the SFR assuming a Schmidt-Kennicutt law). In the case of ETGs, though, this ratio provides a poor proxy to estimate their D/G mass ratio.
In the lower panel of Fig. 9 we explore how the observed total gas mass MGas relates to the dust mass, MD. This figure reveals that there is no trend between the dust mass and the gas mass, as for a given MGas there is between 1 to 4 dex scatter in MD. These results suggest that assuming a dust mass for ETGs will not provide a good estimate of their MGas.
SUMMARY & CONCLUSIONS
We analyze UV-to-submm imaging for a sample of 18 earlytype galaxies, drawn from the Herschel Reference Survey (Boselli et al. 2010) , in order to derive their star formation and dust properties via SED modelling. The sample is selected to be detected both in FIR/submm with all three Herschel /SPIRE bands, and in either H i or CO or both. We combine the dust and star formation results with literature information on their atomic and molecular gas masses (Boselli et al. 2014a), in order to relate the dust and star formation properties with the total gas mass in these ETGs. Our major findings are summarized as follows:
(i) When the ETGs are compared to the MD-SFR relation for disk galaxies studied by da Cunha et al. (2010) , they do not follow the disk galaxies' correlation and show a large scatter beyond the intrinsic scatter of the relation (Fig. 5) .
(ii) When placing the ETGs in the stellar mass versus SFR plane, they fall below the relation defined by normal star forming galaxies, showing much smaller specific SFRs, by a factor between 30 to 4000 smaller than that of the normal star-forming galaxies (Fig. 6) .
(iii) The ETGs studied here do not follow the same Schmidt-Kennicutt law as the disk galaxies studied by da Cunha et al. (2010) , neither do they follow the internal Schmidt law found locally within Milky Way by Misiriotis et al. (2006) , showing a large scatter and extending to lower SFRs and gas masses (Fig. 8) .
(iv) The Schmidt-Kennicutt law valid for disk galaxies (da Cunha et al. 2010; Kennicutt 1998) can not be used along with the SFR to infer the total gas mass of ETGs, as the total gas masses inferred are under-predicted (upper panel of Fig. 7) . Contrary to the case of disk galaxies, this renders the ratio MD/SFR a poor proxy for inferring the D/G mass ratio of ETGs (Fig. 9) .
(v) The total gas masses derived observationally (i.e., using eq. 2) provide G/D mass ratios consistent, on average, with the ones found for the galaxy sample studied by Rémy-Ruyer et al. (2014) , and fall in the right place for their M , on average, as those galaxies studied by Rémy-Ruyer et al. (2014, their figure B. 3), making the latter a useful relation to approximate the G/D mass ratio of ETGs (lower panel of Fig. 7) . The large scatter seen in individual ETGs in Fig. 7 , though, indicates an externally acquired origin for their ISM.
ETGs have complex ISM and star formation histories. This complexity is a result of their merging and satellite accretion history. The majority of the ETGs studied here show morphology of recent interactions. This is not uncommon among ETGs (e.g., Dariush et al. 2016) , and their ISM history coupled to the satellite accretion history has been uncovered with deep optical imaging from the ATLAS 3D survey (Duc et al. 2015) , as well as imprinted in their colour properties . Such interaction events may be the cause of star formation responsible for significant dust production (Wilson et al. 2013) , hence their star formation history coupled to their ISM history leads to deviation or significant scatter from a Schmidt-Kennicutt law relation.
